Activation of the medial olivocochlear reflex (MOCR) can be assessed indirectly using transient-evoked otoacoustic emissions (TEOAEs). The change in TEOAE amplitudes when the MOCR is activated (medial olivocochlear (MOC) shift) has most often been quantified as the mean value in groups of subjects. The usefulness of MOC shift measurements may be increased by the ability to quantify significant shifts in individuals. This study used statistical resampling to quantify significant MOC shifts in 16 subjects. TEOAEs were obtained using transient stimuli containing energy from 1 to 10 kHz. A nonlinear paradigm was used to extract TEOAEs. Transient stimuli were presented at 30 dB sensation level (SL) with suppressor stimuli presented 12 dB higher. Contralateral white noise, used to activate the MOCR, was presented at 30 dB SL and was interleaved on and off in 30-s intervals during a 7-min recording period. Confounding factors of middle ear muscle reflex and slow amplitude drifts were accounted for. TEOAEs were analyzed in 11 1/3-octave frequency bands. The statistical significance of each individual MOC shift was determined using a bootstrap procedure. The minimum detectable MOC shifts ranged from 0.10 to 3.25 dB and were highly dependent on signal-to-noise ratio at each frequency. Subjects exhibited a wide range of magnitudes of significant MOC shifts in the 1.0-3.2-kHz region (median=1.94 dB, range=0.34-6.51 dB). There was considerable overlap between the magnitudes of significant and nonsignificant shifts. While most subjects had significant MOC shifts in one or more frequency bands below 4 kHz, few had significant shifts in all of these bands. Above 4 kHz, few significant shifts were seen, but this may have been due to lower signal-to-noise ratios. The specific frequency bands containing significant shifts were variable across individuals. Further work is needed to determine the clinical usefulness of examining MOC shifts in individuals.
INTRODUCTION
The medial olivocochlear reflex (MOCR) reduces the gain of cochlear outer hair cells (OHCs), which may improve hearing in background noise and reduce trauma caused by high-level sounds (reviewed in Guinan 1996) . Otoacoustic emissions (OAEs) are a byproduct of OHC motility (Dallos 1992) and can therefore be used to indirectly assess MOCR activation. Previous studies have shown that transient-evoked OAE amplitudes are typically reduced when the MOC system is activated by contralateral noise (e.g., Berlin et al. 1993; Collet et al. 1990; Veuillet et al. 1991) . In this paper, MOC shift will refer to the decibel difference in TEOAE amplitude measured with and without the presence of contralateral noise.
Measurement of MOC shifts may have clinical applications, such as detecting auditory neuropathy (Hood et al. 2003) and determining susceptibility to noise-induced hearing loss (Maison and Liberman 2000) . MOC shifts have also been measured in clinical populations to infer the relationship between efferent activity and auditory difficulties (e.g., Clarke et al.
2006
; Garinis et al. 2008; Muchnik et al. 2004) . Clinical populations have typically showed smaller mean MOC shifts compared to control groups, suggesting reduced efferent activity.
From a clinical standpoint, it may be important to analyze MOC shifts in individuals. Individual differences in MOC shifts may be useful for identifying a condition or understanding the difficulties experienced by a particular individual. Some studies have reported individual MOC shift data, but the statistical significance of these shifts was not assessed (e.g., De Ceulaer et al. 2001; Micheyl and Collet 1996) . When a continuous variable like TEOAE amplitude is obtained as two independent samples, the measurements will likely never be identical. The important question is whether or not they are statistically different from each other. With group data, the variability within groups and across conditions can be assessed statistically. Individual results can also be assessed statistically if all of the independent recordings are saved instead of simply averaging the TEOAE recordings into two means (with and without an MOCR activator). Using the entire data set, the variability can be assessed to arrive at a statistical answer as to whether the difference in means is significant.
Detection of statistically significant MOC shifts in individuals using a bootstrapping technique was described by Backus and Guinan (2007) . The authors measured MOC shifts using stimulus frequency (SF) OAEs, which are sensitive probes of the MOCR; however, measurement can be time consuming because frequencies must be tested individually. Additionally, many clinically available systems do not include options for testing SFOAEs. It was of interest to evaluate a method for measuring MOC shifts in individuals using TEOAEs, because equipment for measuring TEOAEs is more widely available and because TEOAEs can test a broader range of frequencies at once.
The purpose of the current study was to quantify MOC shifts in individual subjects using TEOAEs. A statistical bootstrap procedure was performed to detect statistically significant MOC shifts at frequencies from 1 to 10 kHz. Methods for addressing the confounds of slow drift artifact and middle ear muscle reflex (MEMR) activation are also described.
METHODS

Data collection
Subjects. The experimental protocol was approved by the University of Iowa Institutional Review Board, and written informed consent was obtained from all participants. Sixteen normal-hearing adults (15 females, 1 male, mean age=22.8 years, age range=19-28 years) participated. All subjects had normal middle ear function as assessed by case history, otoscopy, and tympanometric measures (peak pressure=±50 daPa, static admittance=0.2-2.0 mmho, ear canal volume= 0.9-2.0 mL). All subjects had pure-tone air conduction thresholds ≤15 dB HL for octave frequencies from 0.25 to 8 kHz in both ears. All testing took place within a double-walled sound booth.
Stimuli. Generation of transient stimuli and recording of TEOAEs were controlled using a desktop computer running custom software written in MATLAB (The MathWorks, Inc.) and interfaced via a USB connection to an Ultralite mk3 24-bit soundcard (MOTU). The sampling rate was 96 kHz. Stimuli were routed through PA5 programmable attenuators (Tucker-Davis Technologies) to control output levels. An ER-10C probe microphone system (Etymōtic Research) was used for transient stimulus delivery and TEOAE response recording. Transient stimuli consisted of clicks with a bandwidth of 0.5-10 kHz and a duration of 80 μs. Using methods described by Goodman et al. (2009) , the clicks were made acoustically flat (±3 dB) from 0.5 to 10 kHz in a long, reflectionless tube. Clicks were presented at a rate of 33.3/s. White noise served as the activator of the MOCR and was generated using a noise generator (model 3025, ACO Pacific) and presented via an ER-2 insert earphone (Etymōtic Research).
Stimulus levels were referenced to sensation level (SL), as reported in many previous studies. Clicks were presented at 30 dB SL. Contralateral white noise was also presented at 30 dB SL. This was slightly lower than the level (35 dB SL) recommended by Hood et al. (1996) ; however, previous measurements by Goodman and Keefe (2006) suggested that 35 dB SL was sufficient to activate the MEMR in some subjects. The average root-mean-square (RMS) value of the noise across subjects was 54.2 dB SPL. Presentation levels were chosen to reduce the likelihood of activating the MEMR (Collet et al. 1990; Goodman and Keefe 2006; Guinan et al. 2003; Hood et al. 1996) .
TEOAE extraction. TEOAEs were extracted from the recordings using a double-evoked nonlinear extraction method (Keefe 1998). This method eliminates stimulus artifact by exploiting the linear growth of stimulus amplitudes and the nonlinear growth of OAE amplitudes. Each stimulus sequence contained three clicks. The first click (s 1 ) was the probe click, presented at 30 dB SL from channel 1 of the ER-10C probe. The second click (s 2 ) was a suppressor click, presented 12 dB higher (42 dB SL) from channel 2 of the ER-10C probe. The third click (s 1,2 ) consisted of the simultaneous presentation of the probe click in channel 1 and the suppressor click in channel 2. A corresponding ear canal sound pressure (p 1 , p 2 , and p 1,2 ) was measured in response to each click (s 1 , s 2 , and s 1,2 , respectively). The TEOAE (p d ) was obtained by the following formula: p d =p 1 +p 2 -p 1,2 . The result of this calculation was the cancelation of the linearly growing stimulus, leaving the nonlinear portion of the emission. Although a linear extraction method allows the linear and nonlinear portions of the TEOAE to be measured, a nonlinear extraction method was used in the current study in order to measure TEOAEs up to 10 kHz without interference from stimulus artifact (Goodman et al. 2009 ).
Conditions. Measurements were made in one test condition and two control conditions. In all conditions, sound pressure differences between ear canal recordings made with contralateral white noise turned on and off were computed. Click stimuli were always presented to and recorded from the right ear. Contralateral white noise was presented to the left ear. For each condition, a total of 4,800 synchronous recordings were obtained (2,400 while the noise was turned on and 2,400 while the noise was turned off). Repeated recordings tend to exhibit small drifts in level over time, presumably due to middle ear static pressure fluctuations, probe movement, or other factors . These drifts have the potential to be erroneously interpreted as MOC shifts. In order to minimize drift artifact, contralateral noise was interleaved throughout the recording process, switching every 30 s. Total recording time was approximately 7.2 min (4,800 recordings×0.03 s per click stimulus×3 clicks per extracted TEOAE in the double-evoked paradigm).
The standard test condition (contralateral white noise, CWN) consisted of noise presented at a level of 30 dB SL. In this condition, it was expected that most of the subjects would show MOC shifts uncontaminated by MEMR. Two control conditions were also evaluated. In the no-noise control condition (CWN−), the noise generator was turned on and off as in the CWN condition, but the cable connecting the noise generator to the contralateral headphone was disconnected so that no acoustic noise was actually delivered to the ear canal. In this condition, it was expected that no significant differences would be found between recordings made with the noise turned on and off. In the high-level control condition (CWN+), the contralateral white noise was presented at a level of 60 dB SL. In this condition, it was expected that a MEMR would be present. All sixteen subjects were tested in the standard condition (CWN). A subset of six subjects was also tested in the control conditions (CWN− and CWN+). Figure 1 shows schematic illustrations of the three conditions.
Analysis
Detection of MEMR. Before considering MOC shifts, it is critical to establish whether any level differences observed might be influenced by the MEMR. MEMR activation reduces sound transmission through the middle ear primarily at low frequencies, with smaller effects at frequencies above 1 kHz (Møller 1962; Rabinowitz 1977) . Activation of the MEMR has been shown to reduce OAE amplitudes (Whitehead et al. 1991) . Many studies of MOC shifts using TEOAEs have therefore inferred the absence of MEMR activation by using noise levels that do not elicit the MEMR as assessed using standard clinical measurements employing a 226-Hz probe tone (e.g., Collet et al. 1990; De Boer and Thornton 2008; De Ceulaer et al. 2001) . However, others have suggested that subclinical activation of the MEMR may be sufficient to impact measurement of MOC shifts (Feeney and Keefe 2001; Guinan et al. 2003) , which would limit the usefulness of clinical measurement criteria. Sensitive nonclinical methods for MEMR detection have been described in the literature, for instance, using SFOAEs (Goodman and Keefe 2006; Guinan et al. 2003) . In the present study, MEMR activation was detected using the TEOAE click stimulus as a probe.
If the sound pressure recordings of the click stimuli are time windowed around the clicks, they can be examined for level differences occurring when the noise is on versus off. The p 1,2 (suppressor) click was time windowed starting 2 ms before the peak of the click and ending 2 ms after the peak of the click. The windowed clicks were then filtered using a 1/3-octave bandpass finite impulse response (FIR) filter centered at 1 kHz. Within this time window, the energy is expected to be dominated by stimulus energy because TEOAE energy around 1 kHz has a much longer expected round-trip travel delay (Tognola et al. 1997) . A possible exception involves cases where strong synchronous spontaneous emissions are present. The effect of this was not specifically examined in the current study. If this did affect results, it would tend to make MEMR detection overly sensitive, erring on the conservative side.
After time windowing and filtering, the RMS amplitude of each filtered click was computed. The top row of Figure 2 shows examples of stimulus levels across time for three different subjects in the test and control conditions. Interleaving of contralateral noise off and on is shown by blue and red dots, respectively. These panels demonstrate that drifts in stimulus levels occur across time. These drifts ranged from tenths of a decibel up to 1 dB or more. Some authors have described interleaving the contralateral noise on and off to account for these systematic changes (e.g., De Boer and Thornton 2008; Guinan et al. 2003; Hood et al. 1996 Hood et al. , 2003 . However, if there is a systematic monotonic trend of increasing or decreasing stimulus/TEOAE levels across time, interleaving by itself may not adequately account for this trend because the state that was presented second will always be different, on average, than the one that came first.
In this study, it was found that if slow drifts were not removed by de-trending, all subjects showed statistically significant differences in stimulus levels, even in the control condition (CWN−) in which the noise generator was disconnected from the earphone. Slow drifts can potentially be removed with detrending techniques such as a running average, lowpass FIR filter, or polynomial fit. However, in this data set, it was not uncommon to see sudden changes in signal level (e.g., the top right panel in Fig. 2 ). In such cases, a median filter is more effective at removing edge discontinuities without smearing. Accordingly, a median filter (Little and Jones 2010) was used to find the trend line. The trend line was adjusted by setting the maximum value to 0 dB, after which the trend line was converted to linear units. The original waveforms were then divided by the corresponding values on the adjusted trend line. The result of this process was to hold the waveform with maximum amplitude constant and increase all other amplitudes so that the trend was removed. The choice of the number of samples over which the median was computed, determined empirically, was 41 samples, corresponding to 3.7 s (approximately 12 % of the length of the 30-s interleaving). The median fit was subsequently smoothed using a 20-point mean smoother to remove small, spurious discontinuities. This number of samples provided the minimum amount of de-trending required so that recordings in the control condition with the noise generator disconnected (CWN−) did not show a significant difference between conditions. Trend lines are shown in black in the top row of Figure 2 . Artifact rejection was applied to discard waveforms contaminated by intermittent noise (Goodman et al. 2009 ). Finally, the first five recordings on either side of the interleaving between noise off and noise on were discarded. Examples of stimulus levels after de-trending and artifact rejection are shown in the middle row of Figure 2 .
The presence of MEMR was determined by comparing the mean differences in de-trended stimulus levels between the noise on and off conditions for statistical significance. Significant differences in stimulus levels were expected to result from changes in middle ear impedance due to MEMR activation. A statistical resampling with replacement (bootstrap) algorithm (Efron and Tibshirani 1993) was implemented using custom software written in MATLAB (The MathWorks, Inc.). Recall that the dataset consisted of one set of n=2,400 recordings with contralateral noise off and one set of n=2,400 recordings with contralateral noise on. For this statistical test, each recording was bandpass filtered at 1 kHz and time windowed to a length of 4 ms as described previously. The null hypothesis was that there was no difference between the two sample sets. Under this hypothesis, all the samples were considered as a single pool of samples (N=4,800 recordings). The distribution of differences taken from this single pool was found by randomly selecting (with replacement) two resampled sets of 2,400 recordings each. The 2,400 recordings in each resampled set were averaged. The RMS amplitude of each average was calculated, and the two RMS values were subtracted to yield a single difference amplitude. This resampling operation was repeated 10,000 times. The 10,000 differences were sorted to create a resampled empirical distribution function (edf). This distribution showed the expected differences from sampling under the null hypothesis (i.e., there was no difference between the two sample sets of with and without contralateral noise). Finally, the actual mean difference value obtained between the two sample sets was compared to the resampled edf. The actual mean difference was considered significant at the level of α= 0.01 if it fell outside the 0.005 or 0.995 points (99 % confidence intervals) on the resampled edf. Rejection of the null hypothesis was interpreted to mean that the two sample sets had different amplitudes, and that the difference was due to MEMR activation, given that slow drift artifacts had been removed prior to statistical analysis. The bottom row of Figure 2 shows the edfs describing the decibel differences between recordings in the noise on and off conditions. The left and middle panels show that the observed mean difference lies within the 99 % confidence intervals of the edfs, indicating no significant difference and therefore no evidence of MEMR activation. The right panel shows that the observed difference lies outside the 99 % confidence intervals and is therefore indicative of MEMR activation, which would be expected given the presence of high-level CWN.
In a statistical approach such as this, alpha levels must be chosen as criteria for determining significance. Alpha levels must be chosen for the test of MEMR detection, as well as for the test of MOCR detection (as described later). There is an interaction between these two alpha levels in terms of the total number of significant MOC shifts detected. For instance, if the alpha levels for both tests are made the same, then more conservative (smaller) alpha levels for MEMR detection will result in more subjects being considered for MOC shifts, but this effect will be offset by the stringent MOCR detection, which will result in fewer subjects being identified as having a significant shift. In contrast, a less conservative (larger) alpha level will result in more instances of MEMR being identified and fewer subjects being considered for MOC shifts; however, the laxer MOC shift criterion may result in more spurious shifts being identified as MOC shifts. These tradeoffs are further complicated by the fact that the signals being considered (click stimuli vs. TEOAEs) have vastly different signal-to-noise ratios (SNRs). Determining the optimal alpha levels was beyond the scope of this study, and results are reported for alpha levels of 0.01.
Detection of MOCR. TEOAE recordings were analyzed using a manner similar to the analysis of stimulus recordings described in the previous section. The portions of TEOAE waveforms prior to the peak of the stimulus were discarded, after which, 2-ms cosine-squared ramps were applied to the onsets and offsets. Eleven overlapping, 1/3-octave bandpass filters were created using a Hann window-based design method. Filter order decreased as center frequency and bandwidth increased. The filter center frequencies spanned 1-10 kHz, and the filter orders ranged from 2000 to 200, which corresponded to filter group delays of 10.4 to 2.0 ms, respectively. The group delays of the filters were subtracted from filtered waveforms to ensure correct temporal alignment after filtering.
For TEOAEs at each filter center frequency, an analysis time window was determined based on the 95 % confidence intervals for the expected SFOAE latencies in humans reported by Shera et al. (2002) . Delay at each frequency was computed as
where τ SFOAE is round-trip SFOAE delay in millisecond, f is frequency in kilohertz, and values for β and α are given in Table I of Shera et al. (2002) . These times were used under the assumption that TEOAEs and SFOAEs are generated by linear coherent reflection (Kalluri and Shera 2007; Shera and Guinan 1999) and should therefore have similar latencies. The confidence intervals reported by Shera et al. (2002) were widened by a factor of 1.25 to account for potential differences due to higher stimulus levels (Schairer et al. 2006) . The amplitudes of TEOAE signals and noise floors within each analysis window were estimated using a two-buffer method ). Each bandpass-filtered waveform was put into one of two analysis buffers in an alternating fashion. The signal was estimated by adding the two buffers and dividing by two. The noise floor was estimated by subtracting the two buffers and dividing by two. The signal and noise floor were quantified by the RMS amplitude (decibel SPL). Figure 3 shows an example of mean 1 kHz TEOAE waveforms obtained with the contralateral noise off (thicker blue lines) and on (thinner red lines). Differences between the tracings can be seen, with amplitudes generally being smaller with noise on (red tracings). However, it is not possible to determine from these plots if the differences are statistically significant. In order to assess the statistical significance of MOC shifts, the distributions of the sampling means of the differences in RMS TEOAE levels with the noise turned off and on were estimated using the resampling with replacement algorithm described previously. Prior to computing the algorithm, RMS amplitudes of the filtered waveforms were calculated within the analysis windows (Fig. 4, top row) . Examination of TEOAE levels across time showed less apparent trends relative to those seen in the stimulus levels across time. This is likely due to the large difference in SNRs (note the difference in scale between the top panel of Figs. 2 and 4) . However, the presence of drift in the stimulus levels suggests that drift was also present in the TEOAE levels across time. Because of the differences in SNR, it was found that using the same de-trending operation on the TEOAE levels as the stimulus levels introduced new trends in the TEOAE levels and was therefore not appropriate. For the TEOAE levels, a 167-point median filter was used (in contrast to a 41-point median filter for the stimulus levels), and the fit was smoothed with a 20-point mean filter. This procedure removed the underlying trends and did not introduce any new apparent trends. Examples of de-trended TEOAE levels are shown in the middle panel of Figure 4 .
After de-trending, edfs for the difference in RMS amplitudes of TEOAEs were obtained in the same manner as described for MEMR detection. An MOC shift was considered statistically significant when the observed difference in mean RMS amplitude between the noise on and off conditions fell outside the 0.005 and 0.995 points on the edf. Additionally, the MEMR was required to be absent in order for an MOC shift to be considered significant. If a significant difference was found between TEOAE levels but the MEMR was present, the result was considered inconclusive because the contribution of the MOCR could not be determined. Examples of edfs for determining significant MOC shifts are shown in the bottom panel of Figure 4 .
Nonsignificant MOC shifts could be due to lack of MOCR. Alternatively, nonsignificant shifts could be due to poor SNR at a given frequency, making the results inconclusive. Within each analysis window, the presence or absence of TEOAE energy was determined by computing the mean SNRs. TEOAEs were considered present when the SNR was ≥6 dB. Recordings with SNR G6 dB were not statistically analyzed for MOC shifts. Figure 5 shows MOC shifts at all frequencies for the subset of subjects tested in the control conditions (CWN− and CWN+). MOC shifts are quantified as the decibel difference in RMS amplitude between TEOAEs obtained in the noise on and off conditions. Shifts in the negative direction indicate that TEOAE levels decreased in the presence of CWN. Shifts in which the MEMR was present are indicated by × markers. Even though MEMR was tested only at 1 kHz, if detected, the MEMR was considered a potential artifact at other frequencies, and therefore, all of that subject's MOC results were marked with an ×. For subjects participating in test and control conditions, MEMR was tested separately for each condition. As expected, in the CWN− condition (noise generator disconnected from the earphone), no MEMR activation was detected in any of the subjects (0/6), while in the CWN+ condition (high-level noise), MEMR activation was detected in all of the subjects (6/6). In Figure 5 , MOC shifts occurring in the absence of MEMR activation are shown by circles. Significant MOC shifts (i.e., the mean difference in RMS amplitude falls outside the 99 % CIs of the resampled distributions) are shown as filled circles, while those that do not represent significant shifts are shown as open circles. No marker is shown if the TEOAE SNR was G6 dB. At the level of α= 0.01, a 1 % type I error rate (finding an MOC shift significant when it is not) is expected. In the CWN− condition, significant MOC shifts were seen only in subject 11 at 6.3 and 8.0 kHz. This represents an error of 3.2 % (2/63), which is not inconsistent with the small sample size examined in the current study. In contrast, it was expected that in the CWN+ condition, apparent MOC shifts would be seen often, especially at the lower frequencies where MEMR activation produces a strong effect. These shifts are presumably a mixture of MOCR and MEMR effects. No attempt was made in this study to disentangle the two effects. Rather, wherever MEMR activation occurred, the shifts were marked with an ×, as described above, so as to avoid misinterpretation. Figure 6 shows MOC shifts for all individuals in the test condition (CWN presented at 30 dB SL). Shifts due to MEMR and MOCR are indicated with the markers as described above for Figure 5 . Additionally, no markers are shown if the TEOAE SNR was G6 dB. Results obtained without and with de-trending are shown on the left and right, respectively, for each subject. MEMR activation was detected in 3/16 subjects (18.75 %). For the remaining subjects, significant shifts were seen primarily from 1.0 to 3.2 kHz, with fewer shifts seen at 4 kHz and above. The lack of significant MOC shifts above 4 kHz is likely due to low SNR, as discussed further at the end of the "Results" section.
RESULTS
Individual results
CWN+ CWN CWN-
In most cases, qualitatively similar results were obtained with and without de-trending (see Fig. 6 ). Across all 135 cases, there was a median absolute magnitude difference of 0.04 dB (mean=0.10 dB). However, a wide range of differences were seen across frequencies and across individuals (0.0006-1.38 dB). Similar results were seen when considering only the subset of 68 cases in which a significant MOC shift was present (median=0.06 dB, mean=0.11 dB, range= 0.001-0.71 dB). De-trending resulted in a smaller shift in over half of all cases (69 %, 93/135). In 4 % (6/135) of cases, de-trending changed whether the MOC shift was significant. In five of these six cases, de-trending resulted in a significant shift. However, these are too few cases to make a generalization regarding whether detrending generally increases or decreases the number of significant shifts seen. It appears for the majority of subjects, de-trending does not affect the ability to detect an MOC shift, making de-trending less of a concern when examining group data. However, when considering individual subjects, de-trending of TEOAE data appears warranted. Subsequent results are reported for de-trended data only. Figure 7 shows data grouped by frequency for the CWN condition only. Data at each frequency include only those subjects with present emissions and no MEMR activation. Mean MOC shifts (top panel) show strong frequency dependence. At frequencies below 4 kHz, a majority of subjects without MEMR had significant MOC shifts (62-85 %). At 4 kHz, 5/13 (38 %) subjects had significant MOC shifts, and at the higher frequencies, the number of shifts was even smaller (8-23 %). The top panel of Figure 7 also shows that the directions of significant MOC shifts were almost always in the negative direction (65/68, 96 %), meaning that turning on the contralateral noise decreased TEOAE amplitudes, as expected.
Group results
MOC shift results were similar from 1.0 to 3.2 kHz, so group results were collapsed across this frequency range to examine overall trends in the data. The absolute magnitudes of MOC shifts had a median of 1.94 dB (range=0.34-6.51 dB) and nonsignificant shifts had a median of 0.49 dB (range=0.01-2.51 dB). In general, there was an overlap between the distributions of significant and nonsignificant mean shifts. Although absolute shifts larger than 2.51 dB were always significant, shifts of this magnitude accounted for only 20/57 (35 %) of significant shifts from 1.0 to 3.2 kHz. This suggests that using a simple shift magnitude cutoff value would not reliably distinguish significant from nonsignificant shifts.
It was of interest to examine the number of frequency bands at which each individual subject showed significant MOC shifts. This examination was restricted to the six frequency bands from 1.0 to 3.2 kHz because few subjects had significant MOC shifts in higher bands. In a given individual, the number of bands which showed a significant MOC shift ranged from 2 to 6, with a median of 5 (see Fig. 6 ). Only 3/13 (23 %) subjects had significant shifts in all six frequency bands.
The bottom panel of Figure 7 shows the smallest magnitudes of significant MOC shifts that were detectable using the methods described in this paper. This value was obtained as the absolute value of the lower 99 % confidence interval of the resampled distribution. The size of minimum detectable shifts demonstrated a large amount of individual variability. When collapsed across 1.0-3.2 kHz, minimum detectable shifts had a median value of 0.91 dB (range=0.10-3.25 dB). There was no apparent difference between minimum detectable shifts associated with significant and nonsignificant MOC shifts. These data indicate that in some cases, very small shifts (tenths of a dB) can reach statistical significance.
Much of the variability in minimum detectable shift magnitudes was attributable to SNR, with higher SNR resulting in a smaller minimum detectable shift. Figure 8 shows a scatter plot of minimum detectable shifts as a function of SNR. Data from all frequencies (1.0-10.0 kHz) are included. To improve visualization, shifts at low frequencies (1.0-3.2 kHz) are shown as circles, and shifts at high frequencies (4.0-10.0 kHz) are shown as triangles. Minimum detectable shifts associated with significant and nonsignificant shifts are shown as filled red and unfilled markers, respectively. The solid black line is a robust bisquare-weighted fit of the form y= ae bx , where a=6.11 and b=−0.08. Dashed lines indicate the 99 % confidence intervals of the fit. Minimum detectable shifts decreased in magnitude with increasing SNR. The R value of the fit was 0.85, indicating that 85 % of the variance in minimum detectable shifts is explained by SNR. Frequencies below 4 kHz tended to have lower minimum detectable shifts presumably because they were associated with higher SNRs. Frequencies at 4 kHz and above had lower SNRs and higher minimum detectable shifts. This may explain why there were many nonsignificant MOC shifts at high frequencies. While a 6-dB SNR is Each row shows results for a different frequency band. Within each row, the decibel difference between TEOAE recordings made with contralateral noise off and on is displayed. Mean differences shown by × marks indicate subjects who had significant MEMR activation. generally considered adequate to detect the presence of TEOAEs, from Figure 8 , it is clear that much higher SNRs (18-30 dB) are required to detect the magnitudes of MOC shifts that are typically seen (~2 dB, see Fig. 7 , top panel).
DISCUSSION
Detecting significant MOCR shifts in individuals may have clinical applications, such as predicting susceptibility to noise-induced hearing loss and providing insight into difficulty hearing in noise. This paper demonstrates a method of detecting such shifts in individual subjects. Further research is needed to establish whether such an approach can provide clinically useful information.
Future studies should consider the following technical issues when measuring MOC shifts.
Stimulus levels
The current study did not explore optimal presentation levels, either for TEOAE stimuli or for MOCR activators. Optimal levels involve interactions between click levels and CWN levels, as well as the stimulus bandwidth, extraction paradigm, and presentation rate, so levels cannot be chosen in isolation. This is a large parameter space, and further research is needed to determine the optimal combination. However, based on the results of the current study, a recommended starting place is to present TEOAE stimuli at 30 dB SL using a linear extraction paradigm and CWN at 30 dB SL. These suggestions are discussed in more detail below. With regards to CWN levels, the current study used a fixed sensation level. One disadvantage of the fixed level approach is that it does not allow measurement of MOC shifts in a percentage of subjects with low MEMR activation thresholds. An alternative approach would be to optimize CWN levels for each subject. Individual optimization would use the highest activator level that did not activate the MEMR, presumably maximizing the measured MOC shift. However, the fixed level approach may be preferred because it allows for a comparison of MOC shifts across subjects that are less influenced by individual variability in MEMR sensitivity. It is unclear whether individually optimized or fixed MOC activator levels, or some combination of the two, would prove most clinically useful, and further research is needed in this area.
Regardless of which approach is used, the current results suggest that it is important to employ a sensitive MEMR test in each individual. Some previous studies have inferred lack of MEMR activation based on clinical immittance measurements (e.g., Collet et al. 1990; De Boer and Thornton 2008; De Ceulaer et al. 2001 ). However, it is possible that subclinical activation of the MEMR could confound or contaminate MOC shifts (Feeney and Keefe 2001; Guinan et al. 2003) . Some studies have reported monitoring of MEMR activation using techniques that may be more sensitive than standard clinical measurements (Guinan et al. 2003; Goodman and Keefe 2006) . Contralateral white noise levels used in current study (30 dB SL) were chosen based on previous reports (e.g., Hood et al. 1996) , and it was found that 3 out of 16 subjects (19 %) had evidence of MEMR activation. Without careful MEMR detection methods, the shifts seen in these subjects may have been incorrectly attributed to MOCR activation. 
Frequency range
Physiologic data in animals indicate that MOC innervation is densest in the mid-frequency region of the cochlea, though comparable data in humans are currently lacking . Previous MOC studies using TEOAEs in humans have shown the largest MOC shifts in the 1-4-kHz range (e.g., Berlin et al. 1993; Collet et al. 1990) . However, few studies have measured TEOAEs at frequencies above 6 kHz (Goodman et al. 2009; Keefe et al. 2011) , and these studies did not examine MOC shifts. The current study examined MOC shifts that included high frequencies by using TEOAE stimuli with a bandwidth extending to 10 kHz and a nonlinear extraction paradigm. Consistent with previous studies, the region below 4 kHz showed the most MOC shifts. Few MOC shifts were seen at higher frequencies.
Based on the current results, it appears that the lack of MOC shifts above 4 kHz is due to a weak MOCR effect on TEOAEs at high frequencies and/or the inability to detect MOC shifts because of poorer SNR. Because TEOAE SNRs in the current study were generally not sufficient at frequencies 94 kHz (see Fig. 8 ), it could not be determined whether MOCR effects were present at high frequencies. The lower SNRs at higher frequencies were due to a combination of higher noise floors and lower emission levels. The lower emission levels may have been cochlear in origin and/or due to middle ear transfer function. Measurement of MOCR effects at higher frequencies requires the use of a nonlinear paradigm due to the short cochlear delays of high-frequency TEOAEs (Goodman et al. 2009 ). In addition, longer averaging times would be needed to achieve sufficient SNRs at higher frequencies, and this might be an issue in terms of clinical feasibility. Further study is needed to answer the question of MOCR effects on highfrequency TEOAEs.
Future research into clinical applications of MOCR using TEOAEs may benefit from concentrating on frequencies ≤4 kHz because the longer latencies and higher SNRs of TEOAEs at these frequencies allow for more efficient measurement paradigms. Detection of MOCR effects at lower frequencies would most likely be optimized using a linear extraction paradigm. Compared to the double-evoked nonlinear paradigm used in the current study, a linear paradigm is significantly faster, obtaining the same number of averages in 1/3 of the time. In addition, a linear paradigm retains the entire emission, whereas the nonlinear method cancels the linear portion of the emission, potentially discarding information about MOC shifts. Finally, the use of a higher level suppressor stimulus in the nonlinear method likely partially activates the MOCR, which would reduce the size of measured MOC shifts (Guinan et al. 2003 ). It may also be possible to use a simple subtraction of the recordings made with and without contralateral noise to cancel stimulus artifact at high frequencies. Such a technique would presumably be more sensitive to MOC shifts than the double-evoked nonlinear paradigm used in this study. However, drift artifact is potentially still a problem because without perfect de- trending, the subtraction will leave small residual stimulus artifact that will overlap in time with highfrequency TEOAEs.
Averaging
The current study used a fixed number of recorded averages for all subjects. A more efficient measurement paradigm could adaptively change the number of recorded averages based on TEOAE SNR and the desired minimum detectable shift. For example, if the ability to detect MOC shifts of ≥1 dB was desired, an SNR of approximately 30 dB would be targeted (see Fig. 8 ). This SNR would be targeted at all frequencies of interest. One of the particular challenges of TEOAEs is that all the frequencies are measured at once, but the SNRs vary across frequency. Therefore, the number of averages needed would be dictated by the frequencies having the worst SNR. Averaging would continue until a certain percentage of frequencies met the target SNR or until a maximum number of averages was obtained.
Drift control
Interleaving noise and no-noise conditions are an important control for drift when performing MOC studies. In general, faster interleaving rates would provide a better drift control. However, there are limits on the rate of interleaving due to time constants associated with the onset and offset of MOCR (Backus and Guinan 2006 ). In the current study, an interleaving rate of 30 s was chosen. While this rate appears to have been adequate, it is possible that a somewhat faster interleave rate, such as 15 s, may provide better drift control.
Many previous studies of MOCR effects have not carefully controlled for slow drift. Some studies have used interleaving of noise on and noise off states to account for relatively slow changes across time (e.g., De Boer and Thornton 2008; Guinan et al. 2003; Hood et al. 1996 Hood et al. , 2003 ). In the current study, interleaving by itself did not always provide adequate protection from contamination by slow drifts. Drifts have the potential to make MOC shifts more or less significant, depending on the direction of change. While these effects may cancel each other in group data, de-trending should not be omitted when determining MOC shifts in individuals.
MOCR frequency effects
Based on the results of this study, it appears that some normal-hearing subjects will show significant MOC shifts at some frequencies but not at others, even when there is an adequate SNR to permit detection (see for example, Fig. 6 , subject 1 from 1.0 to 3.2 kHz). This is in agreement with previous work. In their study examining individual MOC shifts using SFOAEs, Backus and Guinan (2007) found that in a given individual, MOC shifts were sometimes present at a given frequency but absent at other nearby frequencies. In the current study, TEOAEs were analyzed in 11 1/3-octave frequency bands. No overall pattern was observed which would indicate weaker MOCR activation in any particular frequency region. This suggests that individual variability across frequency may be a common result. TEOAEs provide an efficient way to examine these individual patterns of MOC activation across frequency. Future studies may provide insight into the sources of this variability as well as the stability over time.
CONCLUSIONS
In individual subjects, MOC shifts quantified by changes in TEOAE amplitude can be examined for statistical significance using a resampling approach. Careful control of confounds (slow amplitude drifts and MEMR activation) is important to ensure accurate results. The magnitude of minimum detectable shifts is dependent on TEOAE SNR, making it important to obtain an adequate number of averages to attain high SNRs. In the current study, 50 % of detected MOC shifts had magnitudes between 1.1 and 2.9 dB. On average, detection of shifts of these magnitudes required SNRs of approximately 9-22 dB. Few shifts were seen at frequencies ≥4 kHz; however, the ability to measure shifts in this frequency range was limited by poor SNRs. Overlap was found in the magnitudes of MOC shifts that were significant and nonsignificant. This suggests that determining the presence of MOC shifts in an individual should be based on individualized resampling rather than using minimum shift criteria obtained from group data.
